Abstract Bacteria have evolved mechanisms that allow them to grow and survive in highly competitive environments like soil and the rhizosphere. Using classical microbiological, physiological, and genetic analyses, we isolated and identified for the first time Duganella spp. associated with the rhizosphere of woody plants in Mediterranean environments that are able to produce violacein, a blue-purple secondary metabolite of considerable biotechnological interest. Based on physiological and biochemical characterization and phylogenetic analysis of different genes including 16S rRNA, gyrB, and vioA (implicated in the synthesis of violacein), the seven Duganella spp. strains isolated and studied were differentiated according to their host of origin (wild versus cultivated olives) and potentially might belong to new species. All the Duganella spp. strains produced violacein in vitro, with natural production levels significantly higher than that previously reported for other violacein-producing bacteria without optimizing growing conditions. The important biological, medical, and industrial applications of violacein make these bacteria good candidates for their biotechnological exploitation because low violacein yields are considered as one of the main limitations of using wildtype strains for extensive exploitation and pigment production. Independent of violacein production, purplepigmented strains from olives showed proteolytic and lipolytic activities and a weak siderophore production. No in vitro inhibitory activity was demonstrated for bacteria or crude violacein filtrates against plant-pathogenic Gramnegative bacteria and fungi, but they did inhibit Grampositive bacteria.
Introduction
In the last decades, plant-microbe interactions occurring in the rhizosphere have been the subject of considerable studies as a potential reservoir for discovering microbial species of diverse biotechnological and commercial interest [34, 55, 65] . Indeed soil and rhizosphere microorganisms have evolved mechanisms that allow them to grow and survive in highly competitive environments that characterize most of those habitats. Rhizosphere bacteria often produce novel secondary metabolites that can be developed into pharmaceuticals or pesticides for use in human and veterinary medicine or agriculture. In this context, pigmented molecules produced by bacteria have often been the subject of considerable research [42] .
Many studies have focused on microbial pigments and have revealed how these molecules can provide a survival advantage for certain microorganisms in natural environments [35, 46] . Among them, violacein, a blue-purple secondary metabolite produced by bacteria, has been the focus of different studies due to its important biological, biotechnological, and industrial applications. Violacein has been reported to be produced by several Gram-negative bacteria inhabiting soil and seas in tropical, subtropical, and glacial environments including Chromobacterium violaceum, the first described and most-studied violaceinproducing bacteria [16, 19, 54] , Collimonas sp. [22] , a new Duganella sp. [64] , Iodobacter fluviatile [36] , Janthinobacterium lividum [37, 43, 49, 50] , Microbulbifer sp. [44] , and Pseudoalteromonas luteoviolacea, Pseudoalteromonas tunicata, and Pseudoalteromonas ulvae [40, 43, 44, 66] .
Violacein has several biological activities including antibacterial [17, 19] , antiviral, [1, 4] , anti-trypanocydal [17, 53] , anti-protozoan [43] , and anti-ulcerogenic [15] . Moreover, violacein may have promising clinical application in cancer treatment because it is effective against leukemia, lung cancer, and lymphoma cells [14, 19] . In addition, it can be used in dermatological therapy against UV radiation [12, 16] and as bio-dye for natural and synthetic fibers [59] .
The rhizosphere of wild, long-living woody trees is an unexplored environment that may be a good source for novel bacteria-producing bioactive compounds. Among cultivated and wild trees, olive is one of the species of considerable longevity and richest in genetic biodiversity. For millennia, the cultivated olive tree has been culturally and economically the main oleaginous crop in the Mediterranean Basin, where it is grown in circa 9.5 million hectares [2, 4, 11, 29] . Olive contains a wide source of genetic variability, and in the Mediterranean Basin two main forms of olive are found: wild olive (Olea europaea subsp. europaea var. sylvestris) and cultivated olive (O. europaea L. subsp. europaea var. europaea) [3, 21] . Spain is the largest olive oil producer in the world, and Andalusia, its southernmost region, is the main olivegrowing area [3, 28] . The long history of olive continuous cultivation (over 8,000 years) [67] and the extensive hybridisation between wild and crop trees makes the western Mediterranean, notably the south of the Iberian Peninsula and the Maghreb [9] , the most genetically diverse regions for this tree [38, 39] . Andalusia is a hotspot of present-day olive diversity, where wild olive populations likely survived in situ throughout glaciations in protected riparian microenvironments [3, 63] .
We hypothesized that the longevity and high genetic diversity of those trees may favor the selection of specific and well-adapted rhizosphere microbial populations that may constitute unique reservoirs of microorganisms of biotechnological interest. During a survey of wild olives in Andalusia in southern Spain, we isolated characteristically purple-pigmented bacteria. This survey was originally aimed to isolate bacteria from the rhizosphere of wild and cultivated olives with antagonistic potential against Verticillium dahliae, the causal agent of Verticillium wilt of olives and the main soil-borne fungal disease of this crop worldwide The main objective of the present study was to identify and characterize by a polyphasic approach seven strains of those purple-pigmented bacteria and to determine whether the compound violacein was produced. To the best of our knowledge, this is the first report of purplepigmented bacteria-producing violacein associated to woody trees and specifically inhabiting the rhizosphere of wild and cultivated olives.
Materials and Methods

Isolation and Culture Conditions of Purple-Pigmented Strains
Olive roots from 92 commercial olive orchards located in the main olive-growing areas of Córdoba, Jaén, Seville, and Granada provinces and from 11 wild olive heavens potentially ranging from true oleasters (i.e., wild forms present in natural areas) to feral (i.e., secondary sexual derivatives of the cultivated clones or products of hybridisation between cultivated trees and nearby oleasters) forms [3, 39] located in Cádiz and Córdoba provinces were sampled in Andalusia, southern Spain, in the spring of 2009 as described by Aranda et al. [3] . Rhizosphere bacterial suspensions were serially diluted and plated onto R2A agar (Biolife, Milan, Italy) and incubated at 28±1°C for 72 h in the dark.
After incubation, purple-pigmented bacterial colonies were observed in about 10% of the samples and were purified for further physiological, biochemical, and molecular characterization. Seven strains of purple-pigmented bacteria, putatively violacein producers, were selected for further studies (Table 1) .
Physiological and Biochemical Characterization
The oxidation-fermentation (O-F) test of glucose and the ability to produce acid from carbohydrates and related compounds were monitored by the method of Hugh and Leifson [26] . Catalase and oxidase activities were determined following procedures described by Bergey's manual® [25] . Gram staining was carried out with 48-h-old cultures. Proteolytic activity was determined on a semiquantitative plate assay determined from clearing zones in skim milk agar [13] and lipolytic activity was tested using Tween 80 agar and determined by the presence of turbid zone haloes around the grown bacterial colonies. Siderophore production was assayed under iron-limited conditions using the universal siderophore assay [57] . All physiological and biochemical tests were performed at 28± 1°C in the dark.
Growth and purple pigment production of bacterial strains were assessed in different solid and liquid media at 25±1°C for 48 h in the dark including R2A agar, Tryptic soy (TS) agar (TSA), 1/10 TS broth amended with cycloheximide (100 μg/ml) (TSB + ) [34, 35] , 1/3 King's B agar (1/3 KMA), and broth medium (1/3 KMB) without antibiotics or supplemented with ampicillin (40 μg/ml), chloramphenicol (13 μg/ml), and cycloheximide (100 μg/ml) (1/3 KMB +++ ) [32, 33] , yeast extract malt agar (YMA), and nutrient agar (NA). All media were purchased from Difco Laboratories (Detroit, MI, USA). Additionally, growth of the bacterial strains was assessed on R2A medium at different temperatures including 4°C, 15°C, 25°C, 28°C, 30°C, 37°C, and 40±1°C in the dark.
Bacterial suspensions in 0.85% NaCl were used for carbon source and enzyme utilization assays using Biolog GN2 microplates (Biolog, Barcelona, Spain) and the API ZYM systems (Biomerieux, Madrid, Spain), respectively. For API ZYM plates, cultures were incubated at 28± 1°C for 24 h, then the galleries were activated by adding 30 μl of each reagent (ZYM A and ZYM B; BioMerieux), and after 5 min at room temperature, semi-quantitative evaluation of the activities was measured by referring to a colorimetric standard table [58] and assigning a numerical value of 0 to 5 (equivalent to 0 to 40 nmol) depending on the chromogenic substrate intensity produced by the hydrolase reaction.
Biolog plates were incubated for 5 days at 28±1°C and the absorbance was measured periodically at 585 nm using a Tecan Safire fluorospectrometer (Tecan Spain, Barcelona, Spain). The average well color development (AWCD) of each plate was calculated as the mean of the absorbance values for all response wells per reading time. Kinetics of AWCD was used to determine the speed and the asymptotic level of assimilation of substrates. Dendrograms were constructed using the matrix of pairwise similarity from the phenotypic characterization data using the Dice (binary data) or Pearson product-moment correlation coefficient (quantitative data) and the unweighted pair group method with arithmetic averages (UPGMA) was used for cluster analysis with the Bionumerics 6.1 package (Applied Maths, Sint-Martens-Latem, Belgium). The significance of the nodes was assessed by bootstrapping with 1,000 randomizations.
Molecular Characterization of Purple-Pigmented Strains by Phylogenetic Analyses of 16S rRNA, gyrB, and vioA Genes DNA from the bacterial strains was isolated by using UltraClean™ microbial DNA kit (MoBio Laboratories, Inc., CA, USA) following the manufacturer's instructions. Additionally, DNA from the type strain of D. violaceinigra CCUG 50,881 T (=D. violaceinigra YIM 31327 T ) was used in molecular studies. Strains were identified at the genus/ species level by sequencing the 16S rRNA using the primers 8f and 1492r as described before [33] . The Housekeeping gene gyrB was amplified with primers Up-1 G-and Up-2 G-as described by Mavrodi et al. [45] . Additionally, the degenerate primer pair VPA3/VPA4 [22] was used to amplify a ∼1.0-kb of vioA gene segment that encoded the flavozime VioA and was selected due to the higher number of sequences available in the GenBank database for violacein genes from different genera of bacteria. Sequences were purified using the PureLink PCR purification kit (Invitrogen, Barcelona, Spain). Nearly fulllength-amplified 16S rRNA (∼1.5 kb), gyrB (∼1.0 kb), and vioA (∼1.0 kb) genes were directly sequenced at STABVIDA (Caparica, Portugal) facilities using the amplification primers. All 16S sequences were analyzed by NCBI BLASTN search program, and the closest relatives to the strain sequences were extracted and aligned by using Bionumerics 6.1 software for phylogenetic analyses. Phylogenetic trees were constructed using neighbor-joining analysis (NJ). Robustness of derived groupings was tested by bootstrap using 1,000 replications. The sequences obtained in this study have been deposited in GenBank database.
Detection, Production, and Extraction of Violacein
In vitro assessment of production of crude violacein was performed using the optimal culture media and conditions described before for a Duganella sp. [64] Crude violacein was extracted from cells using the ethanol extraction method according to Wang et al. [64] . Production of crude violacein was measured based on the absorbance of the ethanol solution at 585 nm using an ultraviolet-visible spectrophotometer (Metertek SP-850; Metertech Inc., Taipei, Taiwan) [47, 66] . Furthermore, crude violacein obtained by the extraction process described above was separated and purified using high-performance liquid chromatography on an Agilent 1200 HPLC system equipped with a diode array detector (Agilent Technologies, Waldbronn, Germany) with an octadecilsylane ODS column (Tracer Excel 120 ODS-B, 5 mm, 250×46 mm) to measure the composition and compare it to commercial violacein from J. lividum (Sigma-Aldrich, Madrid, Spain) and previously published data [30, 52, 56, 64] . The monitoring wavelength was 570 nm and the mobile phase was 70% methanol at a flow rate of 1 mL/min and a temperature of 30°C [30] . Differences in the production of crude violacein were analyzed by standard analysis of variance, and mean comparisons among treatments were performed by using Fisher's protected least significant difference test at P= 0.05 using STATISTIX 9.0 (Analytical Software, St. Paul, MN, USA).
In Vitro Antibacterial and Antifungal Activity
The in vitro antibacterial and antifungal activity of purplepigmented strains was explored by an in vitro dual-culture assay using Waksman's agar [7] against five plantpathogenic bacteria strains (Agrobacterium tumefaciens, Clavibacter michiganensis subsp. michiganensis, Pectobacterium carotovorum, Pseudomonas savastanoi pv. savastanoi, and Xanthomonas axonopodis pv. phaseoli), a Bacillus subtilis strain isolated from olive rhizosphere, and five soilborne plant-pathogenic fungi (Fusarium oxysporum f.sp. ciceris, Sclerotium rolfsii, Phytophthora megasperma, Phytophthora inundata, and V. dahliae; the latter three are pathogenic to olive and have been isolated from roots of olive trees showing disease symptoms attributable to those pathogens). All bacteria and fungi were from the microbial culture collection of Departamento de Protección de Cultivos, Instituto de Agricultura Sostenible (IAS-CSIC), Córdoba, Spain. Bacterial and conidia suspension (only for F. oxysporum f.sp. ciceris and V. dahliae) were adjusted to reach approximately 1×10 8 and 5×10 6 colony-forming units (cfu)/ml, respectively, and used to inoculate 9-cm Petri dishes containing Waksman's agar. Also, for all fungi, a 0.5-cm disk with fungal mycelium cut from the edge of active-growing colonies was placed in the center of the Waksman's agar plate. Filter paper disks were inoculated with 30 μl of each bacterial strain grown in the culture medium optimal for violacein production [64] and placed onto plates at 1 cm from the edge. Additionally, crude violacein filtrates (10 μl) from the six selected bacterial strains and a commercial violacein solution (50 μM) in ethanol were inoculated on Waksman's agar that had been previously inoculated with the bacteria and fungi as described above. Ethanol was also inoculated and used as control. There were three replicate plates per bacterial strain. Plates were incubated at 25°C and a qualitative evaluation of inhibition was made based on the presence/ absence of inhibition haloes.
Results
Isolation of Purple-Pigmented Strains
Purple-pigmented bacteria were identified in 27.3% of root samples taken from wild olive heavens in Cádiz province and in only 4.4% of root samples from 92 commercial olive orchards sampled all over Andalusia (southern Spain). Interestingly, although eight different olive self-rooted varieties were sampled in the commercial fields, the purple-producing bacteria were isolated only from cv. Arbequina and cv. Picual (Table 1) .
Seven strains of putative violacein-producing purplepigmented bacteria were selected for further studies (Table 1) . From those, three strains (Baetica.33, LO-22, and LOBA-24) came from rhizosphere of centenary wild olives (older than 200 years, based on trunk diameter [3, 48] , and located in different areas); two strains (MICO-C, MICO-M) came from the same commercial field from rhizosphere of 5-year-old olives cv. Arbequina inoculated (MICO-M) or not (MICO-C) with mycorrhiza in the producing nursery (Mycosym-TRI-TON, MYCOSYM International AG, Basel Switzerland) inoculum, strain MICO-M2 came from a different commercial field from rhizosphere of 4-year-old olive cv. Arbequina inoculated with the same mycorrhiza inoculum, and strain CICYT-60 came from a centenary olive cv. Picual (>100 years old) (S. Aranda, M. Montes-Borrego and B.B. Landa, unpublished data). Strains MICO-M, CICYT-60, and LO-22 have been deposited in the Spanish-type culture collection (CECT) under numbers CECT 7781, CECT 7780, and CECT 7779, respectively. Molecular Characterization of Purple-Pigmented Strains by Phylogenetic Analysis of 16S rRNA and gyrB Genes Analysis of nearly full-length 16S rRNA sequences from all strains showed that they were closely related to each other (>99.3% sequence similarity) and could be assigned to the β-Proteobacteria, order 'Burkholderiales,' family 'Oxalobacteraceae', with the closest genera being Duganella. Based on the homology of 16S rRNA gene of bacteria, a NJ phylogenetic tree was constructed containing 16S gene sequences from the seven bacterial strains from olives, reference strains of Duganella spp. and J. lividum, and several related uncultured clone sequences from GenBank database (Fig. 1) . Phylogenetic analysis of 16S rRNA genes indicated that the seven purplepigmented strains were identified as Duganella spp. All 16S DNA sequences of Duganella spp. from wild and cultivated olives showed lower homology (95.5-96.0%) with that of the type species of Duganella (D. zoogloeoides) and that of isolate Duganella sp. B2, the first violaceinproducing Duganella sp. ever reported [64] . Interestingly, although strain sp. B2 has been reported as a Duganella sp. [30, 64] , the phylogenetic analysis showed that it is more closely related to J. lividum since its 16S sequence clustered with Duganella sp. tsz33 (a strain isolated from a glacier in China) as a sister group with all J. lividum sequences from GenBank (bootstrap support 58%) (Fig. 1) . On the contrary, the 16S rRNA gene sequences from strains from wild and cultivated olives were 98.6-99.3% homologous with that of D. violaceinigra type strain YIM 31327 and grouped with other strains and uncultured sequences in a different sister cluster from the type strain (bootstrap support 58%). Although the seven strains from olives showed high homology in 16S rRNA sequences (99.4-100%), three subclusters could be differentiated among them according to their host of origin (wild or cultivated olives) with strain CICYT-60 showing an intermediate position.
Phylogenetic analysis of gyrB gene using a shorter dataset showed results similar to those of 16S, with Duganella sp. strain B2 being genetically different from D. violaceinigra type strain YIM 31327 and from strains from olive (bootstrap support 99%) which were grouped again according to their host of origin (Fig. 2a) . Thus, the three strains from wild olive clustered together as a basal group of D. violaceinigra type strain YIM 31327 (bootstrap support 54%; similarity 93.9-94.8%) and all those strains formed a sister group of the four strains from cultivated olive (bootstrap support 100%) (Fig. 2a) .
Physiological and Biochemical Characterization and Optimal Culture Conditions
All bacterial strains grew and produced purple pigment better at 25°C compared to 15°C, 20°C, 28°C, 30°C, and 34°C, but none of the strains grew at 40°C after 5 days of incubation on R2A medium. Strains MICO-M, MICO-M2, and CICYT-60 were able to grow at 4°C and 37°C, but purple pigment production was not evident (Supplementary  Table S1 ). When testing different culture media at 25°C, the best growth occurred on R2A where all strains showed a strong purple pigment production after 48 h of incubation, followed by TSA, and 1/3× KMB with and without antibiotics ( Table 2) . However, the opposite occurred on YMA and NA where poor growth and very scarce purple pigment production was observed under the same incubation conditions (Table 2) . Additionally, all of our strains were capable of growing in 1/3× KMB +++ broth amended with the antibiotics ampicillin, chloramphenicol, and cycloheximide and in 1/10× TSB + amended with cycloheximide.
When strains were continuously subcultured, mainly on TSA and 1/3× KMB, they lost the ability to consistently produce the purple pigment. Strain MICO-C showed unstable growth and production of purple-pigment after continuous growth in all media and was discarded for successive studies.
Strains from wild and cultivated olives were Gramnegative, non-fermentative (catabolised glucose oxidatively in the O-F test), catalase-positive, and oxidase-positive, and most of them showed proteolytic and lipolytic activity. Besides, all isolates showed a weak siderophore production ( Table 2) . Our strains differed in many characteristics with respect to the type species of Duganella (D. zoogloeoides) [24] and in some characteristics from D. violaceinigra as described by Li et al. [34] (Table 2 ) mainly in the oxidative Figure 1 Phylogenetic relationships (neighbor-joining) of 16S rRNA sequences of Duganella spp. strains from wild and cultivated olive to other violacein-producing bacteria. Closest DNA sequences of 16S rRNA gene in GenBank were used for comparison. Strains, marked in bold, characterized in this study are type strains or referred specifically in the text of the manuscript. Sequence AJ496445 from Collimonas fungivorans CTE227 was used as an outgroup. The numbers are accession numbers in GenBank database. Bootstrap support higher than 50% is indicated in the main cluster nodes acid produced from glucose and oxidase activity. Also, all of the strains differed from D. violaceinigra in at least two to five enzymatic activities determined by the API systems as compared to those reported in Li et al. [34] .
Based on cluster analysis of phenotypic characteristics (Table 2) , APIZYM and Biolog GN2 tests, the seven bacterial strains could be clearly differentiated and were consistently grouped in two or three main clusters either when data from each of the test were processed independently ( Supplementary Fig. 1 ) or when data from the three experiments were combined (Fig. 3) . In general, there was a tendency of strains from wild olives to group together (high bootstrap support, 64-100%) and separated in a different cluster from strains from cultivated olives (high bootstrap support, 68-100%) with some exceptions. Strain CICYT-60 from cultivated olives showed an intermediate position being in some cases closer to strains from wild olives while in others to strains from cultivated olives depending on the dataset analyzed ( Fig. 3; Supplementary Fig. 1 ).
Detection, Production, and Extraction of Violacein and Phylogenetic Analysis of vioA
All seven strains from olive and D. violaceinigra CCUG 50881T (=type strain YIM 31327 T ) harbored the vioA gene for violacein production (as determined by the amplification of a ∼1.0-kb fragment using primer pair VPA3/VPA4, data not shown). Also, all strains from olive produced violacein, as determined by quantitative spectrophotometric determination and liquid chromatography (LC) (Fig. 4a, b) . When crude violacein extracts were analyzed by HPLC, the fraction collected consisted of a main peak (6.5 min) for all the bacterial strains (data not shown). The UV-visible spectrum of crude violacein extracts was similar to that of commercial violacein from J. lividum (Sigma, Madrid, Spain) (Fig. 4b) or to that reported for other violaceinproducing bacteria including Duganella sp. B2 and C. violaceum [30, 52, 56, 64] with a strong absorption at the visible region due to the resonance of violacein [53] (Fig. 4b) . Moreover, the addition of 10% sulphuric acid to the crude bacterial violacein extracts in ethanol changed the violet color to green and to a reddish-brown color when NaOH was added, as described for the violet violacein ethanol solution from J. lividum [60] .
Bacterial strains differed significantly (P<0.0001) in their ability to produce violacein when that was determined at similar numbers of cells per milliliter at the stationary phase of growth after 48 h of incubation (OD 600 1.280± 0.1879) at 25°C (Fig. 4a) . Strains Baetica-33, CICYT-60, and LO-22 produced significantly higher amounts (P< 0.0001) of violacein when the culture was initiated with 10% (v/v) than with 20% (v/v) of a bacterial culture at the stationary phase (Fig. 4a) [10] (Fig. 2b) . Within this cluster, the seven Duganella spp. grouped according to their host of origin, wild (LOBA-24, LO-22, Baetica.33) or cultivated olives (CICYT-60, MICO-C, MICO-M, MICO-M2) with sequence homology ranging from 91.6% to 91.8% between both groups. The vioA sequences from strains from cultivated olives were closer (91.67-92.0%) to that from the environmental sample (Fig. 2b) .
In Vitro Antibacterial and Antifungal Activity Purple-pigmented strains from olive showed very low or no in vitro inhibition of any of the four Gram-negative bacteria and five fungi tested. On the contrary, bacterial strains and crude violacein filtrates showed moderate (2-mm growth inhibition halo) or strong inhibition (a 1-cm-diameter halo on the inoculation spot), respectively, against a Grampositive bacteria tested in our study (B. subtilis). Interestingly, only the crude-violacein filtrates of strains LOBA-24, LO-22, Baetica.33, and CICYT-60 inhibited the growth of C. michiganensis subsp. michiganensis. When present, the inhibition halo of the crude violacein filtrates was similar for all bacterial strains and equivalent to that of commercial violacein (50 μM).
Discussion
Due to the strong competition for survival among soil microorganisms, the rhizosphere is considered as a potential reservoir and a new source of new microbial species or strains of diverse biotechnological interest [34, 55, 65] . Thus, rhizosphere bacteria may be a source of novel secondary metabolites such as potential pharmaceuticals and antibiotics which may have application in human and veterinary medicine and agriculture. The rhizosphere of wild and cultivated long-living woody trees, such as olive, is an unexplored environment that may be a good source for such novel compounds. Microbial pigments, such as violacein, can provide a survival advantage for certain microorganisms in their host environment [35] and have been proved to be a good source of important biotechnological compounds.
In our study, we isolated seven purple-pigmented bacterial strains from the rhizosphere of wild and cultivated olives that were characterized physiologically, biochemically, and genetically as new violacein-producing Duganella spp. that could be differentiated based on genetic and phenotypic analysis into two groups according to their host of origin (wild or cultivated olives). Several studies have obtained experimental evidence about the selective influence of specific plant genotypes, cultivars, and even ecotypes on the structure of bacterial communities in the Figure 2 Phylogenetic relationships (neighbor-joining) of gyrB (a) and vioA (b) sequences of Duganella spp. strains from wild and cultivated olive to other violacein-producing bacteria. The DNA sequences of both genes available in GenBank were used for comparison. gyrB sequences from P. luteoviolacea (a) and vioA sequences from Collimonas sp. (b) were used as an outgroup. Bootstrap support higher than 50% is indicated in the main cluster nodes rhizosphere [8, 32] . A recent study [6] revealed that wild olives in southern Spain represent an independent genetic cluster that constitute a separated gene pool from local olive cultivars and from wild olives present in other different and important Spanish olive-growing areas. This may explain why the Duganella spp. strains isolated in this study grouped independently according to their host of origin (wild or cultivated olives).
Most violacein-producing bacteria including Duganella spp. have been described as psychrotolerant or psychrotrophic bacteria since they have been isolated from cold aquatic environments including seas and lake waters, sediments from lakes, glaciers, snow, and arctic alpinetundra soils [30, 37, 41, 44] . The seven bacterial strains from this study were isolated from Mediterranean maritime and subtropical Mediterranean climates with average mean temperatures much higher than those previously reported (Table 1) . Recently, Hervàs et al. [23] demonstrated the immigration of airborne bacteria from Africa including Duganella spp. that could reach high mountain lakes in Europe; however, NJ analysis including those partial 16S sequences indicated that they form a different lineage from Duganella spp. from olive (Fig. 1) . Finally, to the best of our knowledge, there is only one report of Duganella sp. ++ strong, + positive, ± weak, − negative, nr not reported, +* referred as carbon source utilization in Li et al. [34] a Growth, assimilation, or production tests b Data for D. violaceinigra YIM 31327 T were taken from Li et al. [34] and data for D. zoogloeoides IAM 12670 T were taken from Hiraishi et al. [24] associated with plants, specifically inhabiting the roots of rice [62] , which makes this study the first report of Duganella spp. in the rhizosphere of woody plants and as a specific inhabitant of the rhizosphere of cultivated and wild olives. Our strains differed in many physicochemical characteristics and in the 16S and gyrB sequences with respect to the type species of Duganella (D. zoogloeoides) [24] as well as with the isolate Duganella sp. B2, a psychrotrophic bacterium isolated from Tianshan glacier in China that has been recently described as a novel violacein-producing bacteria [30, 37] . The 16S DNA sequences of Duganella spp. from wild and cultivated olives showed higher homology in 16S with that of the type strain of D. violaceinigra YIM 31327 described by Li et al. [34] but clearly differed in gyrB sequences and in some physiological characteristics (Table 2 ) mainly in the oxidative acid produced from glucose, oxidase activity, as well as in at least two to five enzymatic activities determined by the API systems as compared to the data reported by Li et al. [34] . Interestingly, our strains showed high homology (99.6-99.7%) with the 16S rRNA sequence EF584756 from a putative new species of Duganella (D. nigrescens sp. nov.; Cui, Chen, Li and Xu, unpublished data) isolated from China, although no further information is available. Phylogenetic analysis of vioA sequences further confirmed the previous results and revealed that our Duganella spp. strains were clearly different from Duganella sp. B2 and D. violaceinigra type strain YIM 31327. According to our knowledge, this is the first demonstration that D. violaceinigra harbors the genes for violacein production. Based on results from physiological and biochemical tests and on the phylogenetic analysis of 16S, gyrB, and vioA genes, two different Duganella spp. genetic groups could be differentiated according to the host of origin (cultivated versus wild olives). Those strains inhabiting the rhizosphere of olive trees might be potentially considered as new species of Duganella spp.; however, further work including more strains from olives and other Duganella spp. and Janthinobacterium spp. reference strains should be conducted in order to validate that. Furthermore, based on the phlylogenetic analysis of 16S, gyrB, and vioA genes, we consider that the taxonomical position of D. violaceinigra as a member of Duganella sp., as well as of strain B2, the first Duganella sp. strain producing violacein ever reported, should be reconsidered.
All of our strains grew and produced the purple pigment best at 25°C and on R2A but not on NA media. Normal pigment formation for C. violaceum has been reported to occur at 15°C, 20°C, and 25°C [27] . On the contrary, Duganella sp. strain B2, the novel violacein-producing bacteria [30, 37] , showed good growth and purple pigment production on NA. We observed an unstable production of Figure 3 Cluster analysis of combined physiological data from Table 2 , API ZYM, and Biolog GN2 results from Duganella spp. from wild and cultivated olives. The UPGMA algorithm was applied to the consensus similarity matrix generated from each independent experiment by using the Dice (binary) or pairwise Pearson's product-moment correlation coefficient (API ZYM and Biolog data). Values on the nodes indicated the bootstrap support the purple pigment in culture media at non-optimal incubation temperatures especially for some of the strains. This unstable production of purple pigment has also been observed in other violacein-producing strains including Duganella strain B2 [64] and J. lividum [20] . Production stability is an important parameter that should be taken into consideration in the industrial-scale production of violacein.
It is known that production of violacein is affected by diverse growth factors and cultural conditions such as temperature, agitation, culture volume, media components, and pH as it has been shown for violacein-producing bacteria including C. violaceum, Duganella sp., J. lividum, and P. luteoviolacea [27, 37, 51, 61, 64, 66] . However, it seems that, besides physical and nutritional factors, in most cases violacein production depends on the genetic characteristics of each particular strain [47] . Violacein production levels in the Duganella strains isolated from olives seem to be a characteristic of the individual strains since there was no significant difference according to their host of origin (i.e., cultivated versus wild olives). The fact that we did obtain high natural violacein production levels for most of the Duganella spp. strains without attempting any optimization of the process makes them attractive for future investigations and biotechnological applications since low violacein yield is considered as one of the main limitations of wild strains for commercial exploitation and production [30, 64] . Interestingly, all of the strains isolated from olive had natural violacein production levels higher (up to 1.2 to 65 times) than those previously reported for other violacein-producing bacteria when grown at optimal conditions such as the Amazonian strain of C. violaceum (0.43 g/L) [47] , J. lividum (3.5 g/L) [37] , and the first violacein-producing Duganella sp. strain B2 recently reported (1.62 g/L) [30, 64] . Thus, Duganella sp. strain CICYT-60 produced as much as Duganella sp. B2 that reached the maximum violacein production (1.62 g/L) on the same optimal medium used in this study containing soluble starch as the sole carbon source [64] .
One of the multiple biological properties of violacein is its antimicrobial activity. In previous works, the violet Figure 4 a Violacein production by Duganella spp. grown in the medium described by Wang et al. [64] using 10% or 20% v/v of starting culture. Bars with different letters of the same color and shape or with an asterisk indicated significant (P≤0.05) differences among strains or between starting cultures, respectively, according to Fisher's protected LSD test. Results are reported as mean values (± standard deviation) of three replications. b UV-visible spectrum of commercial violacein and of crude extracts in ethanol from cultures of Duganella spp. from wild (Baetica.33) and cultivated olives (CICYT-60 and MICO-M2). To avoid repetition, three UV-vis spectra of selected strains are shown from HPLC runs pigment produced by C. violaceum and J. lividum showed antimicrobial activity against Gram-positive bacteria, but not against Gram-negative bacteria and yeast [17, 19, 50] . In our test, we assessed the antimicrobial activity of bacteria and crude violacein against Gram-negative and Gram-positive plant-pathogenic bacteria. We found an antimicrobial effect against the two Gram-positive bacteria assayed, the plantpathogenic C. michiganensis and a B. subtilis strain antagonistic to V. dahliae isolated from olive rhizosphere. It seems that violacein acts on specific sites of Gram-positive cell wall. Barreto et al. [5] demonstrated that both cells and supernatants of two Brazilians strains of C. violaceum showed antifungal activity against diverse fungi, including a Fusarium sp. strain; however, they were not conclusive about the main mechanism involved in the antifungal activity.
Independent of violacein production, we also observed that Duganella spp. strains from wild and cultivated olives showed proteolytic and lipolytic activities and a weak siderophore production. It is known that siderophoreproducing rhizobacteria improve plant health at various levels such as iron nutrition and hinder the growth of pathogens, generally fungi, by limiting the iron available for the pathogen's growth [31] . Hence, the fact that the Duganella spp. from olives showed proteolytic, lipolytic, and siderophore production activities might imply a better competitive capacity as inhabitants of the olive rhizosphere. However, if that fact also implies some antagonistic potential against soil-borne phytopathogenic fungi, plantparasitic nematodes, protozoan, and bacteria in the rhizosphere of olive need to be addressed.
Finally, we consider that the Duganella spp. strains isolated from wild and cultivated olives may have biotechnological and agronomic potential which deserves deeper investigation, including: (1) determination of optimal conditions for better violacein yields of these wild strains; (2) conditions for best rhizosphere colonization, establishment, and survival after inoculation of olive planting stocks; and (3) determination of their effect on olive planting stocks growth and establishment and suppression of soil-borne plant pathogens after transplanting into natural soils. Future investigations will also focus on the ecological significance of the specific long-term association between Duganella spp. with centenary wild and cultivated olives and their indigenous rhizosphere-associated microbial community, especially with mycorrhiza.
